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The rat coronavirus sialodacryoadenitis virus (SDAV) causes respiratory infection and provides a 
system for investigating respiratory coronaviruses in a natural host. A viral suspension in the form 
of a microspray aerosol was delivered by intratracheal instillation into the distal lung of 6-8-week- 
old Fischer 344 rats. SDAV inoculation produced a 7 % body weight loss over a 5 day period that 
was followed by recovery over the next 7 days. SDAV caused focal lesions in the lung, which were 
most severe on day 4 post-inoculation (p.i.). Immunofluorescent staining showed that four cell 
types supported SDAV virus replication in the lower respiratory tract, namely Clara cells, ciliated 
cells in the bronchial airway and alveolar type | and type Il cells in the lung parenchyma. In 
bronchial alveolar lavage fluid (BALF) a neutrophil influx increased the population of neutrophils to 
45% compared with 6% of the cells in control samples on day 2 after mock inoculation. Virus 
infection induced an increase in surfactant protein SP-D levels in BALF of infected rats on days 4 
and 8 p.i. that subsided by day 12. The concentrations of chemokines MCP-1, LIX and CINC-1 in 
BALF increased on day 4 p.i., but returned to control levels by day 8. Intratracheal instillation of 
rats with SDAV coronavirus caused an acute, self-limited infection that is a useful model for 
studying the early events of the innate immune response to respiratory coronavirus infections in 
lungs of the natural virus host. 


INTRODUCTION 


The large volume of air inhaled each day and the extensive 
surface area of the lung makes the respiratory system 
especially vulnerable to airborne infectious agents. These 
pathogens include many respiratory viruses such as 
influenza virus, respiratory syncytial virus, rhinovirus and 
coronaviruses (CoVs). Respiratory tract infections are the 
leading cause of infectious disease globally (WHO, 2004). 
The outbreak of severe acute respiratory syndrome (SARS) 
in 2002—2003 emphasized the vulnerability of humans to 
respiratory virus diseases and the potential for high 
morbidity and mortality in viral infections of the lower 
respiratory tract. The aetiological agent of SARS was 
identified as a coronavirus (SARS-CoV) derived from an 
animal reservoir (Fouchier et al., 2003). Besides human 
infections, CoVs cause respiratory, enteric and neurological 
infections in a variety of birds and mammals (Weiss & 


Three supplementary figures are available with the online version of this 
paper. 
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Navas-Martin, 2005). Five human CoVs have been 
identified to date, all of which cause respiratory tract 
infections. Human CoVs 229E and OC43 were first 
identified in the 1960s, and they cause up to 15-35% of 
the adult colds in otherwise healthy individuals (Kahn & 
McIntosh, 2005). After the discovery of SARS-CoV, two 
additional human CoVs were identified, NL63 and HKU1 
(van der Hoek et al., 2004; Woo et al., 2005). On a global 
basis, the human CoVs 229E, OC43, HKU1 and NL63 are 
estimated to cause approximately 10% of all hospitaliza- 
tions of children for respiratory tract infections (Gerna 
et al., 2007; Vabret et al., 2008). 


A number of animal models exist for the investigation of 
SARS-CoV, including systems that use mice, guinea pigs, 
ferrets, cats and rats (Nagata et al., 2007; Roberts et al., 
2007; Subbarao & Roberts, 2006; van den Brand et al., 
2008). However, no animal models are available for the 
other, less pathogenic human CoVs 229E, OC43, NL63 and 
HKUI1. 
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Rat coronavirus (RCoV) is a member of the group 2a 
coronaviruses, like human CoV OC43 and HKUI1, and it 
causes epidemics of respiratory disease in laboratory rat 
colonies. The two prototype strains of RCoV are sialoda- 
cryoadenitis virus (SDAV) and Parker’s RCoV (RCoV-P) 
(Bhatt et al., 1972; Parker et al., 1970). Both strains infect 
the respiratory tract, and SDAV can also infect the eye, 
salivary and lacrimal glands. Young rats are especially 
susceptible to RCoV with the infection occurring in the 
lower respiratory tract and developing into interstitial 
pneumonia (Parker et al., 1970; Wojcinski & Percy, 1986). 


Although there have been some studies of viral infection in 
the conducting airways (Johnston, 2005), relatively few 
have focused on the distal gas exchange unit of the lung, 
the site of severe clinical infection with SARS-CoV or avian 
influenza. The epithelium in the gas exchange portions of 
the lung consists of two main cell types. Alveolar epithelial 
type I cells are large flat terminally differentiated cells that 
cover about 95% of the alveolar surface area and are 
primarily involved in gas exchange. Cuboidal alveolar type 
II cells are metabolically active, produce pulmonary 
surfactant, and transport fluid and sodium to the 
basolateral surface to keep the alveolar surface suitable 
for gas exchange (Mason, 2006). They are also self- 
renewing cells that maintain type II cells and transdiffer- 
entiate into type I cells. Both alveolar epithelial cell types 
participate in the innate immune system, producing 
interferons and cytokines in response to virus infection 
(Miura et al., 2007; Wang et al., 2009). 


In this study, we sought to identify the cells that RCoV 
infects in the lower respiratory tract of the natural host. We 
had shown previously that rat type II cells and type I-like 
cells could be infected in vitro (Miura et al., 2006, 2007). 
However, we did not know which cells might be infected in 
vivo, the severity of the infection when the virus was 
inoculated directly into the lung or the nature and extent of 
the inflammatory response. In general, there is limited 
information on the pathological pulmonary response to 
RCoVs in vivo. 


METHODS 


Viruses and cells. SDAV and RCoV-P isolates were obtained from 
Dr D. Percy (Percy et al., 1991) (University of Guelph, Guelph, 
Ontario) and propagated in mouse L2P-41.a cells (Gagneten et al., 
1996). Virus stocks used for animal inoculation were harvested as 
supernatants from infected L2P-41.a cultures. The supernatant media 
were clarified of cell debris by centrifugation and aliquots were stored 
at —80 °C. Supernatants used for mock (control) inoculation of 
animals were harvested from uninfected L2P-41.a cell cultures grown 
under the same conditions and aliquots were also stored at —80 °C. 
Viral titres of RCoV were determined by plaque assay on L2P-41.a cell 
cultures as described previously (Miura et al., 2007). 


Animals and viral inoculation by intratracheal instillation. 
Pathogen-free male Fischer 344 rats were obtained from Harlan 
Laboratories (Indianapolis, IN), whose colonies were negative for 
SDAV infection by serology. Rats that were inoculated had a weight 
range of 184-261 g at the time of instillation. The Institutional 
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Animal Care and Use Committee of National Jewish Health approved 
the animal use protocol. Rats were anaesthetized and sedated by 
intraperitoneal injection of ketamine (50 mg kg ‘), xylazine (5 mg 
kg ') and acepromazine (1 mg kg '). Rats placed in a supine 
position were inoculated using intratracheal instillation as described 
previously (Rancourt et al., 2007). Briefly, the oropharynx and larynx 
were visualized with a fibre optic light and a microspray device that 
delivers 16-22 um particles (model IA-1C; Penn-Century) was 
inserted past the vocal cords and into the trachea; 100 ul of either 
virus (6 x 10° p.f.u. SDAV per rat) or control medium was aerosolized 
and delivered into the airway. Two cohorts of rats were infected. 
Cohort 1 was harvested on days 2, 4, 8 and 12 after instillation and 
consisted of 4—5 rats per time point. Rat weights were recorded on a 
daily basis during the infection for Cohort 1. Cohort 2 was harvested 
at 0.5, 1 and 2 days after instillation with 3-4 rats per time point. At 
each time point, the left lung was tied-off and then removed. Half of 
the left lung was flash frozen in liquid nitrogen and stored at —80 °C 
for virus titration, and the other half of the left lung was incubated in 
RNAlater (Ambion) for 1 day at 4 °C and then stored at —80 °C. The 
right lung was lavaged twice with 5 ml buffered salt solution to 
recover bronchoalveolar lavage fluid (BALF). Cells from the BALF 
were counted using a haemocytometer and a differential cell count 
was made from Cytospin slides (Thermo Scientific) stained with 
Wright’s stain (Hemacount; Fisher Scientific). Statistical analysis of 
cell counts using an unpaired t-test with Welch’s correction was 
performed using Prism 4 for Macintosh (GraphPad Software). Cells 
in the remaining BALF were removed by centrifugation and the BALF 
was frozen at —80 °C for use in ELISAs. The right lung was fixed and 
inflated using a 1% agarose, 1% paraformaldehyde in buffered salt 
solution, and then fixed overnight with 4% PFA (Halbower et al., 
1994). 


Histology and slide scanning Tissue sections (4 um) of the right 
lung were deparaffinized and rehydrated, and then stained with 
haematoxylin and eosin. To quantify areas with cell infiltrates, whole 
sections were scanned by ScanScope (Aperio Technologies) at a x 20 
magnification. Whole section images (two sections per rat; n=4 rats 
per time point) were viewed and analysed with ImageScope (Aperio), 
an image viewer software package. 


Immunofluorescent antibody (IFA) staining. Viral and cell 
antigens were detected in deparaffinized and rehydrated lung tissue 
sections cut at 4 um. Virus antigen was detected with a mouse 
monoclonal antibody (mAb) to mouse hepatitis virus nucleocapsid 
(MHV-N) protein (kindly provided by Dr J. Leibowitz, Texas A&M 
University, College Station, TX) or with a rabbit polyclonal antibody 
to MHV-N (anti-MHV-N142). The anti-MHV-N antibodies were 
detected using an Alexa Fluor 594-conjugated secondary antibody to 
mouse or rabbit IgG, respectively (Invitrogen). Cell markers for cell 
identification were: a mouse mAb to Tla for detection of alveolar 
type I cells (a gift from Dr Mary Williams, Boston University), a 
mouse mAb to TTF-1 for the detection of alveolar type II cells (clone 
SPT24; Novocastra, Leica Microsystems), a mouse mAb to rat CD68 
(clone ED-1; Chemicon International) for detection of macrophages, 
a mouse mAb to acetylated tubulin for detection of ciliated airway 
epithelial cells (Clone 6-11B-1; Sigma), a goat anti-Clara cell secretory 
protein (CCSP) for detection of Clara cells (a generous gift from 
Susan Reynolds, National Jewish Health, Denver, CO) and a rabbit 
polyclonal antibody to rat calcitonin gene-related peptide (CGRP; 
Sigma) for detection of neuroendocrine cells. The cell marker 
antibodies bound to the sections were detected using Alexa Fluor 
488-conjugated secondary antibodies (Invitrogen). Antigen retrieval 
was carried out with mAb MHV-N, polyclonal MHV-N142 and anti- 
CGRP, -CD68 and -TTF-1, and consisted of boiling slides in a 
microwave pressure cooker (Tender Cooker; Nordic Ware) for 
10 min in 0.01 M citrate buffer (pH 6.0) prior to staining with the 
primary antibody. Sections were mounted in Vectashield Mounting 


2997 


C. J. Funk and others 


Medium with DAPI (Vector Laboratories). Sections were visualized 
by immunofluoresence microscopy using a Zeiss Axioskop2 micro- 
scope and AxioVision software package (Zeiss). 


Cytokine antibody array. BALF samples from rats inoculated with 
SDAV or control media were incubated with membranes spotted with 
antibodies specific for rat cytokines and chemokines (Rat Cytokine 
Array I; RayBiotech), and the membranes were processed according 
to the manufacturer’s recommendations. The array is designed to 
detect the following rat proteins: CINC-2, CINC-3, CNTF, fractalk- 
ine, GM-CSF, IFN-y, IL-l, IL-1, IL-4, IL-6, IL-10, LIX, leptin, 
MCP-1, MIP-3a, 6-NGF, TIMP-1, TNF-a and VEGF. The membranes 
(n=3) were exposed to X-ray film and the film was scanned for 
densitometry analysis using ImageJ (National Institutes of Health). 
Densitometry data were normalized to internal positive controls on 
each membrane and graphed as relative units using the Raybio 
Analysis Tool, a spreadsheet for array analysis. 


Cytokine ELISAs. BALF samples from rats inoculated with SDAV or 
control media were harvested on days 2, 4, 8 and 12 post-inoculation 
(p.i.) (n=4 per time point). Quantification of CINC-1, MCP-1 and 
LIX was done by ELISAs from ELISA Tech. The absorbance was read 
at an optical density of 490 nm, using a MicroQuant microplate 
reader and analysed with KCjunior Data Analysis Software (Bio-Tek 
Instruments). Statistical analysis using unpaired t-test with Welch’s 
correction was performed using Prism 4 for Macintosh (GraphPad 
Software). 


Protein assays. Protein concentrations of BALF samples (after cells 
were pelleted) were measured by the bicinchoninic acid method 
(Pierce). Protein concentrations in lung homogenates were measured 
using the Bradford assay (Bio-Rad). 


Measurement of SP-A and SP-D in BALF. Polyclonal anti-rat-SP- 
A or -SP-D rabbit IgG was bound to wells overnight at room 
temperature (1 ug per well in 0.1 M sodium bicarbonate) in 96-well 
microtitre plates (Immulon 1 plates, Dynatech Laboratories). The 
wells were then incubated with blocking buffer [4% (w/v) solution of 
non-fat dry milk in PBS with 1 % Triton X-100] for at least 30 min at 
room temperature. The BALF samples were added, and the ELISA was 
performed as described previously (Mason et al., 2002). Purified 
recombinant rat SP-A and SP-D proteins produced in Chinese 
hamster ovary cells were used as the SP-A and SP-D standards. The 
standards and antibodies were generous gifts from Dennis Voelker 
(National Jewish Health, Denver, CO). The absorbance was read at an 
optical density of 490 nm, recorded with MicroQuant microplate 
reader and analysed with KCjunior Data Analysis Software (Bio-Tek 
Instruments). 


Quantitative real-time PCR. Half of the rat left lung was preserved 
with RNAlater (Ambion) and stored at —80 °C. Frozen rat lung 
pieces were homogenized into 4M _ guanidinium isothiocyanate, 
0.5% N-laurylsarcosine and 0.1 M f-mercaptoethanol in 25 mM 
sodium citrate buffer. Total RNA was extracted from the homogenate 
using Trizol reagent according to the manufacturer’s specifications 
(Invitrogen). The isolated RNA was quantified using a Nanodrop 
1000 spectrophotomter (Wilmington, DE) and 1 ppg RNA was used to 
synthesize cDNA using TaqMan reverse transcription reagents 
(Applied Biosystems) and random hexamer primers. The cDNA 
reactions were incubated at 25 °C for 10 min, 48 °C for 30 min and 
95 °C for 5 min, and then stored at —20 °C. TaqMan PCR (Applied 
Bioscience) was performed on an ABI Prism 7700 sequence detection 
system using an IP-10 gene-specific primer/probe set (labelled with 
FAM) and a GAPDH primer/probe set (labelled with VIC) as an 
internal control. Q-gene software was used to quantify gene 
expression based on cycle threshold values normalized to GAPDH 
expression (Muller et al., 2002). 
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RESULTS 


intratracheal instillation with SDAV induces 
weight loss and pulmonary cellular infiltrates 


In order to target the RCoV infection directly to the lower 
respiratory tract, Fischer 344 rats were inoculated with 
RCoV or control medium by intratracheal instillation 
using a microspray apparatus. Beginning on day 2 p.i., rats 
inoculated with SDAV lost weight relative to control rats 
(Fig. la). A preliminary study indicated that instillation of 
RCoV-P did not produce significant weight loss or 
pathological changes, and resulted in limited viral replica- 
tion in the lung (data not shown). Therefore, further 
studies used only the SDAV strain. SDAV-infected rats 
continued to lose weight through day 5 p.i. with a mean 
7% body weight loss, followed by weight gain on days 6— 
12. On days 2 and 4 p.i., the number of cells in BALF 
increased significantly (Fig. 1b) then decreased to near the 
initial levels by day 8. Macrophages were markedly elevated 
on days 2 and 4 p.i. (Fig. 1c). Neutrophils accounted for 
most of the change in BALF cells from rats on day 2 of the 
infection, increasing from 6.6 % in control rats to 45 % of 
the lavage cells in infected rats (Fig. 1d). On day 4 p.i., the 
number of neutrophils decreased while macrophage 
numbers increased, causing no net change relative to the 
number of cells in BALF on day 2. The protein levels in 
BALF peaked on day 4 (Fig. le), indicating an increase in 
permeability of the alveolar epithelium. Infectious SDAV 
virus reached titres of 4.3 x 10° p.f.u. (g lung tissue) ' on 
day 2 and 2.0 x 10° p.f.u. (g lung tissue) * on day 4 p.i. At 
later time points, infectious virus was not detected 
(Supplementary Fig. S1, available in JGV Online). 


SDAV causes focal pneumonia in rats 


We observed gross pathological changes on the lungs 
starting on day 2 p.i., with small inflammatory and 
haemorrhagic lesions. Lung lesions reached a peak on 
day 4, being larger and present in both lungs. By day 8 p.1., 
the lesions were smaller and on day 12, no lesions were 
observed. Whole lung sections stained with haematoxylin 
and eosin from both SDAV and control rats were 
examined. Intratracheal inoculation of SDAV into rat 
lungs resulted in focal pneumonia consisting of cellular 
infiltrates into the alveolar spaces (Fig. 2a). Other areas of 
the infected lung (Fig. 2a) were similar to the control lung 
sections (Fig. 2b). The area of lung with cellular infiltrates 
reached a peak at day 4 p.i. with an average of 10% of the 
area affected by the virus infection (Fig. 2c). 


SDAV causes infection in ciliated bronchial 
epithelial cells, Clara cells and alveolar epithelial 
type I and type Il cells 


Viral nucleocapsid antigen was detected in a number of 
cells types in both the airways and the alveolar areas (Figs 3 
and 4). Within the lung and airway, viral antigen could be 
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Fig. 1. Changes in body weight and cell and 
protein levels in BALF after SDAV inoculation. 
The rats were infected in two cohorts. Cohort 
1 was harvested on days 2, 4, 8 and 12 after 
instillation (n=4-5 rats per time point) and 
Cohort 2 was harvested at 0.5, 1 and 2 days 
after instillation (n=3-—4 rats per time point). (a) 
Rat weights were recorded each day and 
lungs were harvested on days 0.5, 1, 2, 4, 8 
and 12. (b, c and d) Cells from BALF were 
counted on a haemocytometer and scored on 
cytospin slides. (e) BALF protein levels were 
determined by bicinchonic acid protein assay. 
Asterisks indicate _ statistical significance 
(P<0.05) between SDAV and control sam- 
ples. 


Fig. 2. Lung pathology after SDAV infection. 
Sections of lung were stained with haema- 
toxylin and eosin. (a) SDAV-instilled rats 
produced focal pulmonary lesions on day 4. 
(b) Mock-instilled rats did not have cellular 
infiltrates in alveoli. Bars in (a) and (b), 1 mm. 
(c) Whole slide images of haematoxylin and 
eosin slides were created using an automated 
scanning system (Aperio Technologies). 
Regions of the lung sections that had cellular 
infiltrates were scored by a_ pathologist. 
Asterisks indicate _ statistical significance 
(P<0.05) between SDAV and control sam- 
ples. Error bars, SEM. 
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detected within cells as early as 12 h p.i. Cell markers were 
used to identify infected cell types (Supplementary Fig. 82, 
available in JGV Online, shows additional images of 
uninfected controls). However, as the infection proceeded, 
identification of infected cells became more difficult due to 
loss of marker expression in the infected cells. Within the 
bronchial airway, both ciliated cells and Clara cells were 
infected (Fig. 3). However, another cell population lining 
the airway, neuroendocrine cells, were not infected (Fig. 3). 
The predominant cells infected in the alveolar walls were 
type I epithelial cells (Fig. 4). Within infected areas of the 
lung, type I cells had thickened cell walls and showed 
abundant viral antigen staining (Supplementary Fig. S3, 
available in JGV Online ). A few of the type II cells within 


Fig. 3. Identification of the cell types infected 
in the conducting airways. Rat lung paraffin 
sections were stained for cell markers (Alexa 
488; green secondary antibody), SDAV (Alexa 
594; red secondary antibody) and nuclei 
(DAPI; blue). Markers for ciliated cells (acetyl- 
ated tubulin antibody), Clara cells (CCSP 
antibody) and neuroendocrine cells (CGRP 
antibody) were used to identify cell types. 
SDAV was localized with an anti-MHV rabbit 
polyclonal antibody. Viral antigen for SDAV 
was localized to ciliated cells and Clara cells, 
but not neuroendocrine cells. Arrows indicate 
a cell identified by the marker antibody. Bar, 
20 um. 


the affected lung areas were also infected by SDAV (Fig. 4). 
Viral antigen was not detected in alveolar macrophages 
(Fig. 4). 


Rat lung infection by SDAV induces expression of 
cytokines LIX, MCP-1, CINC-1, IP-10 and 
surfactant protein SP-D 


The influx of inflammatory cells present in BALF suggested 
that SDAV infection induced secretion of cytokines and 
chemokines. To identify cytokines and chemokines 
induced by the infection, BALF from day 4 p.i. was assayed 
for the presence of cytokines using an antibody-based 
cytokine array (Fig. 5). We were particularly interested in 
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Fig. 4. Identification of the cell types infected 
in the alveolar region. Rat lung paraffin sec- 
tions were stained for cell markers (Alexa 488; 
green secondary antibody), SDAV (Alexa 594; 
red secondary antibody) and nuclei (DAPI; 
blue). Markers for alveolar epithelial type | cells 
(T1-« antibody), alveolar epithelial type Il cells 
(TTF-1) and macrophages (rat CD68) were 
used to localize cells. SDAV was localized with 
an anti-MHV_ rabbit polyclonal antibody. 
Arrows indicate a cell identified by the marker 
antibody. Bar, 20 um. 
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Fig. 5. Cytokine expression by SDAV-infected rats. (a) BALF from SDAV- and mock-infected rats was analysed for cytokine 
and chemokine secretion using antibody arrays. Densitometry data were normalized to internal positive controls on each 
membrane (n=83) and graphed as relative units. Scans of autoradiographs for each membrane are shown to the right of the 
graph with relevant duplicate spots boxed with numbers corresponding to cytokines on the graph. (b-d) Cytokine levels for LIX, 
MCP-1 and CINC-1 were assayed in BALF using ELISA assays. All of the mock-instilled values for cytokine MCP-1 were below 
the level of detection. Asterisks indicate a statistically significant difference (P<0.05) compared with control samples. (e) Real- 
time quantitative PCR analysis of cytokine IP-10 expression. Error bars, SEM. 


neutrophil chemotactants LIX (CXCL5), CINC-1 and 
CINC-2 and the macrophage chemokine MCP-1 (CCL2). 
Of the 19 rat cytokines and proteins detected by the array, 
LIX, MCP-1 and TIMP-1 increased by at least twofold in 
the samples from the SDAV rats compared with control 
rats. CINC-2 levels also increased on the array, but to a 
lesser extent (Fig. 5a). Increased levels of LIX and MCP-1 
were confirmed using ELISA assays, whereas TIMP-1, a 
metalloproteinase inhibitor, was not investigated further. 
Secretion of LIX and MCP-1 peaked on day 4 p.i. and 
returned to baseline levels by day 8 (Fig. 5b and c). The 
levels of CINC-1, a CXC chemokine and _ neutrophil 
chemoattractant, also increased in BALF samples, peaking 
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at day 4 p.i. (Fig. 5d). In addition, RNA expression levels 
for IP-10 (CXCL10), a monocyte and lymphocyte chemo- 
attractant, were monitored using real-time quantitative 
PCR. IP-10 expression peaked at day 2 p.i. and then 
returned to control levels by day 12 (Fig. 5e). 


Two important proteins of the innate immune system in 
the gas exchange portion of the lung are surfactant proteins 
A and D (Haagsman et al., 2008; Pastva et al., 2007), both 
of which have been reported to be important in controlling 
viral infections (Doss et al., 2009; Leth-Larsen et al., 2007). 
BALF samples from SDAV and control rats were assayed 
for surfactant proteins SP-A and SP-D using ELISA (Fig. 6). 
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Fig. 6. SP-D expression by SDAV-infected rats. BALF was 
collected from rat lungs at the indicated times after intratracheal 
inoculation. SP-D expression was measured by ELISA. Results are 
means + SEM of four rats per time point. 


In SDAV-infected rats, SP-D levels were significantly 
higher on days 4 and 8 p.i., but not at earlier or later 
times. SP-A levels in BALF did not change in response to 
the SDAV infection (not shown). 


DISCUSSION 


Respiratory viral infections cause a significant amount of 
global morbidity and mortality (Kesson, 2007; Nichols 
et al., 2008). However, the types of cells infected within the 
respiratory tract can vary depending on the virus. 
Therefore, it is important to identify the cells that are the 
major target of infection in order to develop an optimal in 
vitro system for studying the virus. A previous study of 
SDAV infections in the rat lower respiratory tract observed 
that there was viral antigen in bronchial epithelial cells, but 
the infected cell types were not identified (Wojcinski & 
Percy, 1986). We demonstrated that intratracheal inocu- 
lation of SDAV into F344 rats results in viral infection of 
specific cell types in the bronchial airway and the lung 
parenchyma. Within the airway, both Clara cells and 
ciliated epithelial cells were infected, but neuroendocrine 
cells were not. In the lung parenchyma, the main target of 
the infection was alveolar epithelial type I cells. Type II cells 
were occasionally infected whereas alveolar macrophages 
were not infected. In comparison, a number of studies have 
identified cells of the human respiratory tract that are 
infected by SARS-CoV. Initial reports based on the 
cytopathology of biopsy and autopsy samples indicated 
that type I and type II alveolar epithelial cells were infected 
(Franks et al., 2003; Nicholls et al., 2003; Peiris et al., 2003). 
This was later confirmed by localization of SARS-CoV 
antigen in type II and type I cells and bronchiolar epithelial 
cells (Nicholls et al., 2006; Shieh et al., 2005). Infection of 
alveolar macrophages seemed to vary with the patient, with 
positive virus staining of CD68 cells in some individuals, 
but not others (Nicholls et al., 2006; Shieh et al., 2005; To 
et al., 2004). Using primary cell culture systems, SARS-CoV 
has been shown to replicate in type II cells, but not type I- 
like cells and alveolar macrophages in vitro (Mossel et al., 
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2008). Human ciliated airway epithelial cell cultures and 
lung stem cells that express CCSP can also support growth 
of SARS-CoV (Ling et al., 2006; Sims et al., 2005). 
Therefore, the specific respiratory tract cell types targeted 
by both SDAV following intratracheal inoculation of rats 
and by SARS-CoV infection of humans are very similar; 
both infect alveolar type I and type II cells in the lung 
parenchyma and epithelial cells in the bronchial airway. 


Surfactant proteins SP-A and SP-D are produced by type I 
cells and are capable of binding to and inactivating 
pathogens, including viruses (Crouch, 2000; Haagsman, 
1998). The changes in surfactant protein expression 
(mRNA or protein) during infection appear to depend 
on the virus. The protein level of SP-D rose in response to 
influenza virus infection of mice (Reading et al., 1997). 
However, protein levels of SP-A decreased in response to 
respiratory syncytial virus infection (Alcorn et al., 2005). 
Following infection by parainfluenza virus type 3, the SP-A 
mRNA levels increased, but the protein levels of SP-A were 
not altered (Grubor et al., 2004). In our study, SP-D 
protein expression increased in response to the viral 
infection compared with mock-instilled controls, but SP- 
A did not, suggesting an important role for SP-D as part of 
the innate immune response to the virus infection. 


The levels of cytokines produced during viral infections can 
vary greatly depending on the virus isolate and the host 
species. The significant morbidity and mortality caused by 
SARS-CoV are thought to be largely due to dysregulated 
release of cytokines, in the form of a ‘cytokine storm’ 
(Huang et al., 2005). Patients with SARS showed marked 
elevation of inflammatory cytokines IFN-y, IL-1, IL-6 and 
IL-12, along with chemokines IL-8, MCP-1 and IP-10 in 
plasma (Wong et al., 2004). In our study, the levels of 
inflammatory cytokines IL-1«, IL-1$, TNF-«, IFN-y and IL- 
6 in BALF did not increase significantly following infection, 
but chemokines that were upregulated following SDAV 
infection were similar to those found in a SARS-CoV 
infection. Levels of chemokines LIX and MCP-1 had the 
greatest increase of all of the chemokines on the antibody 
array. In addition, CINC-1 (protein) and IP-10 (RNA) also 
increased significantly, as determined by ELISA and real- 
time PCR analysis, respectively. Although chemokines can 
have multiple functions, CINC-1 and LIX from the IL-8 
family have a role in neutrophil chemoattraction, whereas 
MCP-1 and IP-10 are chemotactic for monocytes and 
macrophages. The increased levels of these chemokines 
following infection by SDAV likely leads to the large 
increase in neutrophils and macrophages in the BALF. 
Much of the observed cytokine production is likely due to 
infection of the type I epithelial cells. In a primary rat 
alveolar type I-like cell culture system, we showed that the 
main cytokines released at 24h after inoculation with 
SDAV were CXC chemokines, CINC-2, CINC-3 and LIX 
(Miura et al., 2007). The chemokine signal originates 
mainly from uninfected cells using an IL-1 pathway. 
Identification of type I cells as the primary target of 
infection within the alveolus is confirmation of the 
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importance of the type I-like primary cell system for 
analysis of the innate immune response to epithelial cell 
infection (Miura et al., 2007). It also confirms the 
importance of CXC chemokine expression following 
SDAV infection for neutrophil and macrophage influx in 
a coronaviral respiratory virus system. 


The five CoVs known to infect humans are all pathogens of 
the respiratory tract. Although several animal model 
systems have been used for investigation of SARS-CoV 
infections (Subbarao & Roberts, 2006), good animal 
models are not available for the other four human CoVs 
(229E, OC43, NL63 and HKU1). Although these four 
human CoVs typically infect the upper respiratory tract, 
they are also known to infect the lower respiratory tract, 
especially in infants, elderly and immunocompromised 
patients (Gerna et al., 2006; Kahn, 2006). However, the 
MHV-1 strain of murine CoV is being used as an animal 
model for respiratory CoV infection in A/J mice (De 
Albuquerque et al., 2006; Khanolkar et al., 2009). The 
MHV-1 model is quite different from RCoV infection of 
adult rats. In A/J mice, MHV-1 infection is lethal, whereas 
SDAV infection in rats is not. MHV-1 predominantly 
infects macrophages, whereas SDAV primarily infects 
epithelial cells, and therefore the pathogenesis of these 
two viral infections is likely to be very different. RCoV 
infection in its natural host can serve as an animal model 
system for human CoV pathogens that cause non-fatal 
respiratory diseases. The other major advantage of the rat 
model is that alveolar type II cells and type I-like cells can 
be readily isolated for in vitro studies, and parallel studies 
in mice are much more challenging. The tropism of RCoV 
for alveolar epithelial cells makes it an ideal model in which 
to study the mechanisms by which alveolar epithelial cells 
influence antiviral immune responses in the lung. 
Together, the rat in vitro and in vivo systems can be used 
for further investigations of viral pathogenesis, CXC 
chemokine expression and neutrophil and macrophage 
migration into the lung, and can provide a platform for 
antiviral drug studies. 
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